Objective: Individuals with primary adrenal insufficiency (PAI) or congenital adrenal hyperplasia (CAH) receive life-long glucocorticoid (GC) replacement therapy. Current daily GC doses are still higher than the reported adrenal cortisol production rate. This GC excess could result in long-term morbidities such as osteoporosis. No prospective trials have investigated the long-term effect of GC dose changes in PAI and CAH patients. Methods: This is a prospective and longitudinal study including 57 subjects with PAI (42 women) and 33 with CAH (21 women). Bone mineral density (BMD) was measured by dual energy X-ray absorptiometry at baseline and after 2 years. Subjects were divided into three groups (similar baseline characteristics) depending on changes in daily hydrocortisone equivalent dose (group 1: unchanged 25.2G8.2 mg (meanGS.D., nZ50); group 2: increased 18.7G10.3 to 25.9G12.0 mg (nZ13); group 3: decreased 30.8G8.5 to 21.4G7.2 mg (nZ27)). Results: Subjects in group 1 showed normal lumbar and femoral Z-scores which were unchanged over time. Group 2 subjects showed a significant decrease in femoral neck Z-scores over time (K0.15G1.1 to K0.37G1.0 (P!0.05)), whereas group 3 subjects showed a significant increase in lumbar spine and hip Z-scores (L1-L4: K0.93G1.2 to -0.65G1.5 (P!0.05); total hip: K0.40G1.0 to K0.28G1.0 (P!0.05)). No changes in BMI over time were seen within any group. Reduction in GC dose did not increase the risk of adrenal crisis. Conclusion: This study demonstrates for the first time that cautious reduction in hydrocortisone equivalent doses leads to increases in BMD, whereas dose increments reduced BMD. These data emphasize the need for the lowest possible GC replacement dose in AI patients to maintain health and avoid long-term adverse effects.
with respect to age and GC regimes. These studies have shown inconsistent findings relating to BMD, disease duration, GC type and daily dose. Some studies reported reduced BMD in all PAI patients (2, 3) , some only in postmenopausal women (4, 5) or only in men (6, 7) , whereas other studies found no significant differences in BMD in either gender (8, 9, 10) . In CAH patients some studies reported no significant differences in BMD between patients with CAH and controls (10, 11, 12, 13, 14, 15, 16) , whereas others found reduced BMD in all or some subpopulations of CAH patients (17, 18, 19, 20, 21, 22, 23, 24) .
Until now all studies in this area have had a crosssectional design. No longitudinal study examining the effect of decreasing or increasing GC doses on BMD in PAI or CAH patients has been performed to date.
The aim of this study was to prospectively examine the effect of decreasing or increasing the daily GC dose on BMD in PAI and CAH patients followed over a period of 2 years.
Subjects and methods

Design and subjects
This was a 2-year prospective, single-centre study including patients from one university endocrine outpatient clinic. Inclusion criteria were PAI or CAH verified by review of the medical records. Patients under the age of 18 years, patients with diagnosed bone metastasis, adrenal insufficiency due to long-term pharmacological GC treatment, adrenocortical carcinoma and patients with less than 12 months duration of disease were excluded. The study protocol was approved by the local ethics committee (EA1/027/10) and all patients gave written informed consent prior to participation. A total of 100 patients with PAI, and 50 patients with CAH were asked to participate in the study. Thirty patients declined to take part, and thus 120 patients were included in the study.
At study enrolment and after 2 years (follow-up), BMD was assessed by dual energy X-ray absorptiometry (DXA) scan, and all clinical data, including the hormone replacement therapies and changes during the 2 years, were documented. The patients were seen every 4-6 months by two experienced endocrinologists. The endocrinologists had the aim to optimize GC replacement therapy according to the best clinical practice guidelines (25, 26, 27) : the monitoring of GC replacement predominantly relied on the clinical assessment including the search for symptoms and signs of over-or underreplacement. In addition, a detailed questioning regarding the daily intake of medication, the perceived general feeling of energy levels and 'get up and go', mental concentration, daytime somnolence and changes in pigmentation was performed during the clinical visits (25) . Also information regarding low points or dips in energy during the day was asked by the endocrinologists (25) . All patients received structured education regarding dose adaptation in the event of intercurrent illness and management of adrenal crisis every 6 months.
At the end of the study the patients were divided into three groups based on a criteria predefined before the study commenced: group 1 with unchanged daily hydrocortisone equivalent doses during the study time, group 2 with increased and group 3 with decreased daily hydrocortisone equivalent doses at follow-up visit compared with the baseline.
Of the 120 patients included, 30 patients had an incomplete data set after 2 years or refused to have a DXA scan at follow-up, and therefore were excluded. For final analysis there were 57 patients suffering from PAI (42 women; mean age 54.1 years) and 33 patients with CAH (21 women; mean age 39.5 years; salt-wasting nZ15, simple-virilizing nZ11, late-onset nZ6, 11b-hydroxylase deficiency nZ1). The underlying cause of PAI was isolated autoimmune adrenal insufficiency (nZ17; 29.8%), autoimmune polyendocrine syndrome type II (ZAPS2; nZ24; 42.1%), bilateral adrenalectomy (nZ12; 21.1%; due to Cushing's disease, bilateral pheochromocytoma, or renal cell carcinoma metastasis; operation O5 years ago), unilateral adrenalectomy with insufficient remaining adrenal function (nZ1; 1.75%), tuberculosis (nZ2; 3.5%) or triple A syndrome (nZ1; 1.75%).
For analysis the dose of GC was converted into milligrams of hydrocortisone equivalent (1 mg dexa-methasoneZ70 mg hydrocortisone, 1 mg prednisoloneZ 6 mg hydrocortisone) (28, 29) . The daily hydrocortisone equivalent intake was corrected for body surface area. The patient management data at baseline and follow-up are presented in Table 1 . and 25-hydroxyvitamin D3 (25(OH)D3; IDS-ISYS immunoassay, Immunodiagnostic Systems (IDS) GmbH, Frankfurt, Germany).
BMD was measured using DXA (GE Lunar DPX-NT, Madison, WI, USA) at the femoral neck, greater trochanter, total hip and lumbar spine (L1-L4) according to the manufacturer's standard scan and positioning protocols. Spine phantom quality control scans were acquired on a daily basis during the study. Phantom data were entered into a Shewhart chart with a previously established baseline (the mean of ten initial control scans) and was always within G1.5% from the initial mean. The precision error was S.D. 0.004 g/cm 2 , CV 0.414%, or below. The scans were analyzed using GE-Lunar Software version enCORE 2004 (GE, Madison, WI, USA) and the results from the BMD measurements were transformed into Z-scores using sex-and age-matched reference data provided by the manufacturer originating from an American population.
To compare patients' complaints and fatigue over the study period, patients were asked to complete the recently developed Addison's disease-specific questionnaire (AddiQoL) (30, 31) at baseline and follow-up. Of the 90 included patients, 72 patients (72.2%) had a complete questionnaire at baseline and follow-up. The recently developed AddiQoL for patients with PAI initially included 36 questions (30) and was validated and reduced to a 30 item questionnaire (31) . Items that are positive had scores from 1 to 6; negative health-related quality of life (HRQoL) statements were reversed for questionnaire scoring (6 to 1). The scoring was converted to points: 6Z4 points; 5 and 4Z3 points; 3 and 2Z2 points; and 1Z1 point. The algebraic sum of points was calculated. Higher points indicate a higher level of HRQoL. The fatigue subscale, which consists of questions 1-5 and 23, 26 and 27 was also calculated. 
Results
Clinical data and BMD of the 90 included patients with complete data sets at baseline and follow-up are presented in Table 2 . The whole cohort showed a significant decrease in HC equivalent doses and a small but significant increase in Z-scores at the lumbar site during the study period (Table 2) . Analysis depending on the change in daily HC equivalent dose at follow-up showed that patients of group 2 (increased GC dose) were significantly younger and leaner than patients of group 1 (unchanged GC dose) ( Table 3 ). Per definition of the groups, group 2 received significant lower and group 3 significantly higher daily hydrocortisone equivalent doses at baseline. However, there was no difference in duration of disease between the groups. Importantly no changes in BMI were observed during the study period. Also serum levels of phosphorus, alkaline phosphatase and PTH stayed stable. However, serum calcium levels significantly increased in all three groups during the study period, in addition to a higher 25-hydroxyvitamin D3 status (Table 3 ). This was most likely due to the higher prescription rate of calcium/ vitamin D medication during the study period. However, the percentage of patients receiving calcium/vitamin D medication at follow-up was not significant different among the three groups.
Patients of group 1 showed unchanged normal Z-scores of lumbar and femoral areas over time. Patients of group 2 showed a significant decrease in Z-scores of femoral neck over time (K0.15 G 1.1 to K0.37 G 1.0 (P!0.05), meanGS.D.), whereas patients of group 3 showed a significant increase in Z-scores at lumbar and femoral sites K0.40 G 1.0 to K0.28 G 1.0 (P!0.05)) ( Table 3 ). The daily HC equivalent dose and the daily GC dose per body surface negatively correlated with Z-scores of greater trochanter at baseline (RZK0.291, PZ0.007; RZK0.244, PZ0.024 respectively) and follow-up (RZK0.326, PZ0.002; RZK0.291, PZ0.007 respectively) ( Fig. 1) . Furthermore, at baseline daily HC equivalent dose negatively correlated with Z-scores of the total hip (RZK0.233, PZ0.034), and lumbar regions (L1-L3: RZK0.259, PZ0.014).
Changes in daily HC equivalent dose after 28.7G5.6 months negatively correlated with changes in Z-score at femoral neck (RZK0.279, PZ0.01), at total hip (RZK0.305, PZ0.005) and at greater trochanter (RZK0.284, PZ0.008) (Fig. 2) .
Compared with PAI patients on hydrocortisone medication, PAI patients on prednisolone medication showed significant lower Z-scores at femoral neck (0.15G1.2 vs K0.57G0.7 (P!0.05) respectively), greater trochanter (0.27G1.2 vs K0.71G0.7 (P!0.05)), and total hip (0.18G1.1 vs K0.69G0.6 (P!0.05)) at baseline, as well as at greater trochanter (0.24G1.3 vs K0.61G0.8 (P!0.05)) and total hip (0.18G1.2 vs K0.53G0.7 (P!0.05)) at follow-up. No significant differences in Z-scores were seen at the lumbar spine. In CAH patients no significant differences in Z-scores were seen between CAH patients with HC and/or prednisolone medication (nZ15) compared with CAH patients with any dexamethasone medication (nZ17).
Due to safety reasons we documented all adrenal crises that occurred during the study period. In group 1 (unchanged GC dose) we documented five adrenal crises in 104.3 patient years resulting in a frequency of 4.79 crisis per 100 patient years. In group 2 (increased GC dose) we observed three adrenal crises in 32.9 patient years resulting in a frequency of 9.11 crisis per 100 patient years. Finally, in group 3 (decreased GC dose) we documented no adrenal crisis in 52.6 patient years resulting in a calculated frequency of 0 crises per 100 patient years.
Group 1 (unchanged GC dose) had a mean AddiQoL score of 83.2G13.5 at baseline and 82.5G14.3 at follow-up, and mean Fatigue scores of 22.0G4.4 and 21.5G5.2 respectively. In group 2 (increased GC dose) the mean 
Discussion
A major concern of GC therapy using pharmacological doses is the detrimental effect on bone, which is known to be strongly dose dependent. The GC doses traditionally used in hormone replacement therapy are much lower and have even decreased further over the last two decades from an average of 30 to 20 mg daily hydrocortisone. At doses of 30 mg daily hydrocortisone negative effects on bone have been observed and a dose-response relationship was described (3) . However, at low doses of 20 mg daily hydrocortisone no differences in BMD could be observed compared with healthy controls (10) . This strongly suggests that the previously seen detrimental effects of GC replacement therapy in PAI were primarily a consequence of supraphysiological GC exposure. This study is the first prospective and longitudinal study investigating the impact of changes in GC doses on BMD over a longer period. Despite BMD being in the normal range and no cases of osteoporosis present, we clearly could detect a positive effect on BMD when the daily GC dose was reduced. On the other hand, we observed a clear decrease in BMD when the GC dose was increased. This resulted in a significant correlation between GC doses and BMD even in this range of contemporary low dose GC replacement. We estimate that the average increase in BMD at the lumbar spine seen in our patients with reduced GC doses would suggest a reduction of fracture risk of approximately 30% (32). This figure may be an underestimate of the fracture risk reduction since it is currently thought that GCs can increase fracture risk to a degree greater than predicted by bone density alone. Furthermore, these beneficial effects on BMD were only seen over 2 years, and it is possible that further beneficial changes in BMD, particularly at the hip, could arise beyond 2 years. The clinical significance of a 30% decrease in spine fracture risk will depend on the patients overall fracture risk based on age, gender, menopausal status, family history and history of previous fracture among other things. However, the change in likely fracture risk that we observed is probably similar to the changes seen with bisphosphonate treatment.
The implications from these findings are that current GC hormone replacement doses are still too high compared with the physiological cortisol production rate and are likely to have a negative effect on bone. In addition, single doses of more than 10 mg hydrocortisone, e.g., the often used 15 mg dose of HC in the morning, is likely to result in a very high cortisol peak in the plasma, with levels exceeding the cortisol-binding globulin-binding capacity (33) thus resulting in an abnormal high tissue exposure to the excess of unbound free cortisol.
Our data also clearly showed that PAI patients on prednisolone (mean of 5.3G0.9 mg/day) had a significantly worse BMD compared with those on hydrocortisone (mean 22.3G4.7 mg/day). Surprisingly they did not display any difference in BMI (26.4G3.6 vs 26.1G 4.5 kg/m 2 respectively) suggesting that the bone is more sensitive to this long-acting synthetic GC than other tissues and a better long-time marker for GC exposure.
Our study has a number of limitations. Although this was one of the larger cohorts of patients with PAI and CAH the number of patients was still too low to examine fractures as an end point. In general the patient cohort was also heterogeneous in terms of aetiology of PAI and different forms of CAH. Furthermore, this study was not randomized. However, ethical considerations precluded a randomised design on the basis that randomized increases or decreases in HC dose could place patients at excessive risk (due to over-or under-treatment). Therefore, the decision to increase or decrease was individualised according to the best clinical practice guidelines.
We have therefore demonstrated for the first time that cautious reduction in hydrocortisone equivalent doses leads to increases in BMD, whereas dose increments reduced BMD. In addition, the cautious GC reduction was not associated with an increased frequency of adrenal crisis or a decrease in HRQoL. These data emphasize the need to aim for the lowest possible GC replacement dose in AI patients that maintains health and avoids the development of long-term adverse effects such as decreased BMD.
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